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We have studied the dependence of oval-shaped defects on growth conditions during metalorga
molecular beam epitaxy of InP. The density of oval defects is independent of growth conditions b
strongly dependent on the initial substrate surface preparation. Contaminants existing on the surf
prior to growth are indicated as the likely cause of oval defect formation due to local enhanceme
of metalorganic molecules cracking on the surface and the subsequent formation of group III ric
structures. High densities of such defects are shown to degrade the optical properties of InGa




















Macroscopic defects present in semiconductor epita
layers degrade the performance of small geometry dev
and constitute thus a problem in most device and integr
circuit applications. The defect most commonly encounte
in molecular beam epitaxy~MBE! and studied in some deta
is the so-called oval defect. Studies of this defect have b
mainly carried out in MBE grown layers of GaAs. The fo
mation of oval defects has been attributed to the subs
preparation,1,2 incomplete removal of Ga oxides,3,4 and most
often, to the Ga source cell.5,6 The source related defects a
attributed to Ga spitting from the effusion oven. Metal
ganic molecular beam epitaxy~MOMBE! uses no solid
sources and thus could be considered largely immune
this problem. However, such defects have been reporte
InP layers grown by this technique.7,8 In this work we show
that the density of oval defects present in the InP lay
grown by MOMBE is completely independent of the grow
parameters such as the P2 flow, growth temperature, or th
growth rate. The defects are attributed entirely to the sur
contamination of the substrate and can be completely e
nated by substrate cleaning.
The MOMBE growth was carried out on~100! oriented
substrates using trimethylindium~TMI ! and phosphine
~PH3) as group III and V sources, respectively. Nominal s
strates with different miscuts~in the range 0.08°–0.23°!
measured by x-ray diffraction and from different vend
were used in this study. No special surface preparation p
to growth was carried out, unless when stated. In such c
the substrate was cleaned by using organic solvents
H2SO4-based etchant. After loading the substrates into
growth chamber the substrate was heated to 550 °C for;30
s under a P2 flow and rapidly returned to the growth tem
perature~in the range 510–525 °C!. The PH3 was introduced
through a low-pressure cracking cell maintained at 975
which provided exclusively P2 as the P precursor. The su
strate temperature was measured by a thermocouple
mersed in In in a hole at the back of the rotationless
a!Electronic mail: monica@ifi.unicamp.br2358 Appl. Phys. Lett. 66 (18), 1 May 1995 0003-6951/





























sample holder, which assures excellent temperature contr
and reproducibility.9 The rms roughness of the initial sub-
strate surfaces was W;0.3–0.5 Å, as determined by in-air
atomic force microscopy~AFM!. The grown samples and
individual oval defects were scanned using the same tec
ique. Defect densities were evaluated from Nomarski mi
crographs. Transmission electron microscopy~TEM! was
used to analyze the presence of crystalline defects. Low tem
perature photoluminescence~PL! was used to evaluate the
optical properties of quantum wells grown on InP surface
with different defect densities.
Two kinds of defects are observed in the InP layers
grown for this study, which we call oval and small defects
henceforth. These two kinds of defects present the sam
overall shape, as shown in the AFM pictures~Fig. 1!. This
particular sample was grown at conditions enabling the ob
servation of a high density of small defects. The sidewal
angles are very shallow~;1°! with higher values observed in
cross sections along the@01̄1# direction. The ratio between
the lengths along the two major crystallographic axis is
;2–3, the longer axis lying along the@01̄1# direction. The
main difference in shape between the defects shown in Fig.
is in the defect dimensions. Small defects typically range
FIG. 1. AFM picture (15315 mm2 scan size; height scale 60 nm! show-
ing the morphology of a 300 nm-thick InP layer grown under conditions
providing the formation of small defects, which can be observed in betwee
the oval defects~with larger height and size!.95/66(18)/2358/3/$6.00 © 1995 American Institute of Physics
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 Thfrom 1 to 2mm along the longer axis and a few monolaye
in height while oval defects are much bigger in extensi
~reaching 4–5mm! and in height~reaching hundreds o
monolayers!. The larger height is likely the cause of the be
ter defined oval shape in the figure. Even though the sidew
angles do not change appreciably when the defect size
creases, slightly larger values are observed for the larger
fects.
When we look at the dependence of defect density
growth conditions, the similarities between the two types
defects disappear. While the small defects are dependen
growth conditions and substrate miscut the oval defect d
sity is constant. This behavior can be observed in Fig.
where the variation of defect density with the P2 pressure
used for the growth is shown. We can observe that the o
defect density on the InP surface is basically constant w
the total ~small 1 oval defects! density increases exponen
tially with decreasing P2 pressure. The dependence of sm
defects on thermodynamic conditions is discuss
elsewhere10 and is not the subject of this work. However, w
have been able to show that these defects originate at m
scopic In-rich clusters and can be generated only at
growth conditions promoting the creation of such structur
We also observed that the density of oval defects is
dependent of the growth rate~TMI flow !; it seems likely thus
that they originate at the substrate or the substrate–epita
layer interface. This is confirmed by comparing substra
from different vendors, for which we observe that the dens
of oval defects is very much dependent on the initial surfa
preparation. No correlation between oval defect densities
substrate miscut was observed; high densities~up to 4
3106 cm22! were found for substrates with different mis
cuts and in all cases these values can be greatly reduce
FIG. 2. Total ~small1oval! and oval defect density as a function of P2
pressure for substrate with 0.08° miscut. The growth temperature
525 °C and growth rate 1.6mm/h.Appl. Phys. Lett., Vol. 66, No. 18, 1 May 1995






























appropriate cleaning of the surface prior to growth. The c
relation of oval defects with surface cleanliness is clear fro
the observation that epiready substrates showed the sma
defect densities observed in this work (<104 cm22).
The size observed for the oval defects is similar for
substrates; it is determined only by growth conditions and
independent on cleaning and miscut for the range conside
here. Decreasing group III and P2 flows or increasing growth
temperature result in an increase in the size of the oval
fects leading to the generation of dislocations within the d
fects. The TEM analysis shows two sets of dislocation
poles, oriented along the@011# and @01̄1# directions,
respectively. The dipole segments are lying on the~011! and
~01̄1! planes when viewed in the edge-on orientation. Sta
ing fault contrast is observed between the dipole segme
when the dislocation is viewed away from the edge-on o
entation as shown in Fig. 3. Since~011! and~01̄1! planes are
not slip planes in InP, such pure-edge dislocations are ei
grown-in dislocations originated from the initial interface o
pure-edge dislocation loops formed by the condensation
high density of point defects in the epitaxial layer on$011%
planes. If the latter is the case, the dipole segments obse
are the partial loops. The dislocations do not arise from
substrate; the dislocation densities in all the substrates u
in our experiments (,53103 cm22) are well below the
oval defects densities observed in the epitaxial layers. T
small size oval defects, however, are not associated with
locations.
The influence of the initial surface condition on the ov
defect density can be rationalized by the presence of c
taminants. These can locally enhance the cracking
metalorganic molecules and favor the formation of micr
scopic, P deficient, In clusters during the first stages
growth. The growth conditions used will affect the adato
migration on the surface. In particular, higher temperatu
and/or lower growth rates will allow these clusters to reac
size large enough so that the production of a dislocation lo
is energetically favored.11 The stacking fault can serve as
preferential nucleation site for growth leading to a vertic
growth rate higher than in the rest of the layer. At the sa
time the higher surface diffusion in such cases would prov
the formation of larger islands around the original defe
region. The anisotropy of the surfaces, reflected in the s
face diffusion rates, should result in the long axis of t
was
FIG. 3. TEM image showing the stacking fault contrast between the dip
segments.2359Cotta et al.
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defect to be along the@01̄1# direction, as observed experi
mentally.
It is also interesting to point out that our observation
have some bearing on the association of oval defects with
Ga-spitting in MBE-grown GaAs. Metalorganic molecule
used by MOMBE as group III sources provide a homog
neous flow on the substrate surface. The large mean free
prevents any reaction between the molecules before reac
the substrate. The presence of contaminants can change
picture. We have observed that as-deposited dielectric ma
provide excellent selectivity~in the sense of no materia
deposition! in selective area epitaxy experiments.12 Masks
undergoing lithographic processes, which are not carefu
cleaned, do not assure the same result, with polycrystall
material being deposited on the mask during growth.12 The
local enhancement of group-III atoms deposition, either
Ga spitting from the cells in the case of MBE GaAs, or b
surface contamination, seems to be strongly related to
oval defect formation.
The presence of oval defects originating at the substr
interface can degrade the properties of grown heterostr
tures. Figure 4 shows the low temperature~16 K! PL spectra
of 5 nm InGaAs quantum wells grown with different dens
ties of oval defects. All the samples consist of a 300 n
undoped InP buffer layer, 5 nm InGaAs quantum well grow
lattice matched to InP and a 25 nm InP cap. The samp
were grown simultaneously on nominal substrates with d
ferent degrees of cleanliness in the same run at conditi
leading to the formation of large oval defects. The increas
FIG. 4. 16 K PL spectra of a 5 nmInGaAs quantum well lattice matched to
InP grown on the same run on nominal substrates providing different d
sities of oval defects:~a! 4.43104 cm22, ~b! 7.33105 cm22, and ~c!
4.13106 cm22.2360 Appl. Phys. Lett., Vol. 66, No. 18, 1 May 1995

























defect density results in a drop in the emission intensity at
the peak wavelength and increased linewidth. In sample~c!,
which shows an extremely high defect density, a low energy
shoulder appears. The energy shift corresponding to this sec
ond peak gives an approximate well thickness variation of
one bilayer of material~.6 Å!.13
The decrease in PL intensity can be related to the density
of dislocations generated in each sample. Differences due t
the degree of contamination of the initial surface are most
likely eliminated by the growth of the buffer layer. On the
other hand, the appearance of an extra peak in the PL spect
of sample~c! may be attributed to thickness variations of the
well close to the original defect region. Faceting of the sur-
face does not seem to be an issue here due to the sma
values of the sidewall angles. The low sidewall angle and
scanning tunneling microscopy images14 of the oval defects
in GaAs suggests a small average variation in the well thick-
ness due to the presence of such defects. This is in agreeme
with the shift observed in Fig. 4~c!. The appearance of extra
peaks in the PL spectra was also observed in GaAs quantum
wells grown in samples with oval defects.15
In summary, we have studied the formation of oval de-
fects during MOMBE of InP. Their density is completely
independent of the growth parameters such as the P2 flow,
growth temperature, or the growth rate. The origin of the
defects is attributed to surface contamination. A localized
contamination leads to the local enhancement of metalorgan
ics cracking on the surface and the formation of microscopic
In-rich clusters. Decreasing group III and P2 flows or in-
creasing growth temperature result in an increase in the siz
of the oval defects and the generation of dislocation loops in
the material. High defect densities are shown to degrade th
optical properties of InGaAs quantum wells.
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